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ABSTRACT !
Maternal effects have received considerable attention within the literature, 
however our knowledge on environmental and genetic maternal effects on egg quality in 
fish still remains limited. I examined both environmental and genetic maternal effects on 
egg quality traits in hatchery, wild and farmed Chinook salmon (Oncorhynchus 
tshawytscha). I found that environmental differences during early life altered certain 
aspects of the reproductive biology in hatchery- and wild- salmon, namely gonad and 
egg development, while other important components of egg quality, fatty acid profile, 
were not affected. By using quantitative genetic models and breeding designs, I 
determined that egg size was strongly influenced by maternal genetic effects and was 
heritable across families. Together, these results suggest that differences in early- rearing 
environment and associated selection pressures during early life can alter critical life 
history traits in adults, as a result of both environmental and genetic maternal effects.  !
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Chapter 1: General Introduction 
1.1 Maternal effects !
In the vast majority of species the female’s gametes are substantially larger than 
the male’s and thus the female often has a greater role to play during reproduction 
(Westneat & Sargent 1996; Wade 1998).  As such, while both parents contribute genetic 
(nuclear) material to the offspring, the female additionally allocates extra-nuclear 
material through the ovum cytoplasm, that also has a profound effect on the offspring’s 
phenotype (Wade 1998; Green 2008). In contrast, the male’s sperm provides very little, 
if any, extra nuclear material to the egg (Green 2008).  The female’s ability to alter her 
offspring’s fitness beyond her direct genetic contribution is a phenomenon known as 
maternal effects (Bernardo 1996; Mousseau & Fox 1998).  
 
Maternal effects occur when the fitness of the offspring is influenced not only by 
their own genotype and environment, but also by the phenotype and environment of their 
mother (Bernardo 1996; Falconer 1989; Mousseau & Fox 1998). Largely, maternal 
effects have been described as an environmental source of phenotypic variation, however 
their potential to influence the evolutionary response of a trait is now better recognized 
(Kirkpatrick & Lande 1989; Wolf et al. 1998; Rasanen & Kruuk 2007). As such, 
maternal effects can be partitioned into both environmental and genetic effects 
(Mousseau & Fox 1998), with the latter representing a heritable source of phenotypic 
variation (Kirkpatrick & Lande 1989; Lynch & Walsh 1998).   
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Environmental (or non-genetic) maternal effects occurs when the environment or 
condition of the female influences the fitness of her offspring independent of the 
offspring’s own genotype (Mousseau & Fox 1998). Mothers are able to adjust their 
phenotypes in response to the local environmental conditions and shape their offspring’s 
phenotype accordingly (Mousseau & Fox 1998; Maestripieri & Mateo 2009).  For 
example, in the seed beetle Stator limbatus, females raised at low temperature produce 
eggs that survive under the same environmental conditions, but have reduced survival at 
high temperature (Stillwell & Fox 2005). Females are essentially transferring 
“information” about their local environment to the offspring and are providing a 
mechanism of phenotypic plasticity across generations (Mousseau & Fox 1998; 
Bernardo 1996; Uller 2008).  This can allow offspring to express previously unexpressed 
genes and phenotypes, which can increase their survival in new local environments and 
under different selection pressures (Kirkpatrick & Lande 1989; Mousseau & Fox 1998; 
Maestripieri & Mateo 2009).   However, if a female is unable to adaptively alter her 
phenotype in response to her environment, this can result in maladaptive offspring 
phenotypic traits. As such, maternal environmental effects can also promote the 
development of maladaptive phenotypes within a population, which would negatively 
affect subsequent generations (Mousseau & Fox 1998).  
 
 Unlike maternal environmental effects, maternal genetic effects represent a 
heritable source of phenotypic variation that may be independent from the female’s 
environmental response.  Previously, maternal effects have been viewed among 
geneticists as a “troublesome sources of environmental resemblance” and a nuisance in 
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estimations of heritability (Falconer 1989; Kirkpatrick & Lande 1989). However, more 
recently, it has become evident that maternal effects may be shaped by natural selection 
and plays an important role in the evolutionary dynamics of a trait, which can only occur 
if the trait has a genetic basis (Kirkpatrick & Lande 1989; Wolf et al. 1998; McAdams et 
al. 2002). As such, genetic (heritable) maternal effects can affect the strength and 
direction of evolution on a phenotypic trait, and also result in accelerated, dampened and, 
in some cases, non-intuitive responses to selection (Kirkpatrick & Lande 1989; Lande & 
Kirkpatrick 1990; Wolf et al. 1998).  For example, in a population of farmed Chinook 
salmon, the relaxed selection pressures of a hatchery setting was found to accelerate the 
evolution of smaller egg sizes and this was also evident in natural environments heavily 
supplemented by hatchery programs (Heath et al. 2003).  In this case, maternal genetic 
effects accelerated the response to selection on egg size and allowed the phenotype to 
continue to evolve despite the fact that smaller egg sizes can be maladaptive in the 
natural environment.  
 
Within the last decade, there has been an increase in maternal effects research in 
fishes (e.g. Einum & Fleming 1999, 2000; Heath et al. 2003), largely owing to their 
socioeconomic value. However, despite this rise in interest, our knowledge on 
environmental and genetic maternal effects on egg quality in fishes still remains limited. 
Furthermore, with the increase in fish hatchery rearing and supplementation programs 
throughout Canada, more research would be necessary in order to fully understand the 
industry’s impact on egg quality metrics. This is important as the quality of the egg 
influences the survival of the offspring (Brooks et al. 1997), and if egg quality is 
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heritable across generations, maladaptive changes in egg traits during captive rearing 
would have the potential to impede supplementation and conservation efforts.  As such, 
my master’s thesis aims to contribute to maternal effects research by investigating both 
environmental and genetic maternal effects on egg quality traits in hatchery-, wild- and 
farmed- salmon populations.  
1.2 Egg Quality: What Defines a Good Egg? !
The quality of an egg can be defined as the likelihood that it will yield a viable 
offspring with a high chance of surviving to reproduce (reviewed in Brooks et al. 1997; 
Nissling et al. 1998; Aegerter & Jalabert 2004).  Indices of egg quality can be reflected 
by egg hatching success, fertilization rate, or by the size and composition of the egg 
(Brooks et al. 1997; Pickova et al. 1997; Czesny et al. 2005).  The latter is especially 
important and represents an important maternal effect that has been well studied in many 
taxa (Williams 1994; Heath et al. 2003; Nussey et al. 2005). In teleost fish, the female’s 
influence on the size of her eggs has been intensively studied (Roff 1992; Einum & 
Fleming 2000; Heath et al. 2003), while other egg components are often overlooked. 
Typically, juveniles that emerge from larger eggs are larger in size (Bromage et al. 
1994), with greater survival rates and fitness compared to smaller individuals (Elliot 
1989; Einum & Fleming 1999, 2000). Presumably this is due to the larger yolk sac 
within these larger eggs, which provides the offspring with greater energy and nutrient 
reserves during early development (Brooks et al. 1997). 
 
The egg yolk represents the only source of nutrients and energy to the embryo 
prior to exogenous feeding and is dependent upon maternal provisioning (Wiegand 
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1996).  In teleost fish, egg yolk is primarily comprised of lipoproteins and vitellogenin, 
which encompass the lipid reserves (includes both phospholipids and neutral lipids) 
fundamental for normal offspring development (Wiegand 1996; Johnson 2009; Lubzens 
et al. 2010). Lipids and their derivatives serve a number of biological functions in animal 
life histories including the structural component of cell membranes, precursors for 
chemical messengers and substrates for metabolism (Wiegand 1996; Pickova et al. 1997; 
Tveiten et al. 2004). During early life, lipids and their constituents fatty acids (FA) 
represent an important source of nutrients and energy to the embryo prior to exogenous 
feeding (Wiegand 1996; Pickova et al. 1997). Consequently, their abundance within the 
egg and measurements of specific essential fatty acids (EFA) such as docosahexanoic 
acids (22:6 (n-3), DHA), eicosapentaenoic acid (20:5(n-3), EPA), and arachidonic acid 
(20:4(n-6), AA) and their ratios, can be used to assess egg quality in teleost fish 
(Wiegand 1996; Sargent et al. 1989; Penney et al. 2006).  
 
There are approximately 15-20 major FAs that can be readily recognized in the 
majority of biological systems (see Table 1.1) (Parrish 1999). Among these, the EFA of 
the n-3 and n-6 configuration are especially important, as they cannot be synthesized de 
novo by vertebrates (Wiegand 1996; Sargent et al. 1999). As such, the female must 
consume adequate amounts of EFA in her diet to ensure proper egg formation and 
normal offspring development (Watanabe 1985; Izquierdo et al. 2001). Indices of egg 
quality including hatching success, fertilization rate and early survival have previously 
been correlated with increased levels of n-3 highly unsaturated fatty acids (HUFA) and 
AA in the eggs of sea bream (Watanabe et al. 1991; Zohar et al. 1995), rainbow trout 
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(Watanabe et al. 1984; Leray et al. 1985) and cod (Kjorsvik & Lonning 1983).  
Similarly, inadequate quantities of DHA have been found to result in impaired behavior 
and brain development in fishes (Bell et al. 1995; Ishizaki et al. 2001), and along with 
EPA represents the major polyunsaturated fatty acids (PUFA) involved in cell membrane 
formation (Sargent et al. 1999).  If the female fails to allocate sufficient amounts of one 
or more of these essential biochemical components, the viability of the egg can be 
reduced and this can result in the death of the embryo (Brooks et al. 1997; Bachan et al. 
2012) 
1.3 Egg Development and Vitellogenesis !
 Oocyte growth in all teleost fishes is broadly classified into six phases: 
oogenesis, primary oocyte growth, the cortical alveolus stage, vitellogenesis, maturation 
and ovulation (Tyler 1991; Tyler & Sumpter 1996; Brooks et al. 1997). Oocyte growth is 
first stimulated by an environmental cue (i.e. photoperiod (Bobe et al. 2008)), which 
activates the hypothalamus to release gonadotrophin-releasing hormone (GnRH) (see 
Figure 1.1) (Prat et al. 1996; Brooks et al. 1997). This then activates the anterior 
pituitary gland to release two gonadotrophins, GtHI and GtHII, which are analogous to 
mammalian follicle stimulating hormone (FSH) and luteneizing hormone (LH) 
respectively (Prat et al. 1996; Brooks et al. 1997). The gonadotrophin GtHI stimulates 
the synthesis of oestradiol- 17β (Suzuki et al. 1988), which subsequently triggers the 
production of vitellogenin and egg shell proteins within the liver (see Figure 1.1) (Ng & 
Idler 1983; Brooks et al. 1997). GtHI also plays an important role in the uptake of 
vitellogenin into the oocytes and initiating the process of vitellogenesis or yolk 
deposition (Tyler et al. 1991; Brooks et al. 1996).  The gonadotrophin GtHII is 
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responsible for the termination of oocyte growth and ovulation, and is activated in 
response to the synthesis of progesterone by the ovarian follicle (see Figure 1.1) (Suzuki 
et al. 1988; Brooks et al. 1997).  Although the production of good quality eggs is 
ultimately dependent on the correct assembly of each of these phases (Brooks et al. 
1997), it is during the vitellogenesis phase where all the nutrients and energy reserves 
crucial to the survival of the offspring are accumulated (Tyler 1991; Brooks et al. 1997). 
 
Vitellogenesis, sometimes called yolk deposition, is responsible for the rapid 
growth and size of the oocyte (Brooks et al. 1997), and in salmonids it accounts for over 
90% of the final volume of the egg (Tyler 1991; Brooks et al. 1997). Vitellogenesis is 
stimulated by the endocrine system (Ng & Idler 1983), which triggers the synthesis of a 
large, complex molecule called vitellogenin  (VTG, yolk precursor protein) within the 
liver (see Figure 1.1) (Tyler 1991; Brooks et al. 1997). VTG contains primarily yolk 
proteins, in addition to approximately 20% lipids that are also allocated into the oocyte 
(Tyler & Sumpter 1996; Tocher 2003; Johnson 2009). The majority of the phospholipids 
required for normal offspring development are likely to originate from VTG lipid 
reserves (Johnson 2009; Lubzens et al. 2010). The transport of neutral lipid reserves into 
the oocyte may originate from very low-density lipoproteins (VLDL), which are also 
synthesized within the liver (Lubzens et al. 2010). VLDL then serve to transport lipids to 
the developing oocyte, where fatty acids can be released by lipoprotein lipases (LPL) and 
then absorbed by the egg (Wiegand 1996; Lubzens et al. 2010). Ultimately, the release 
of VTG to activate vitellogenesis is responsible for the derivation of the molecules that 
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comprise the ‘building blocks’ of the developing embryo and the formation of the egg 
yolk.  
1.4 Thesis Objectives !
My master’s thesis examines maternal effects, both environmental and genetic, 
on egg quality traits in a teleost fish. To do this, I will examine the relative role of each 
of these using the Chinook salmon (Oncorhynchus tshawytscha) as a study system. 
Chinook salmon are a large, externally fertilizing fish native to the Pacific Ocean, and 
introduced into the Laurentian Great Lakes in the mid 1960’s (Crawford 2001).  Female 
Chinook salmon produce the largest eggs of all salmonids and exhibit an anadromous, 
semelparous mating system (Healey 1991). Consequently, there is no provisioning to the 
young following fertilization, and thus everything the offspring may require for growth 
and survival must be allocated to them within their eggs. This makes the Chinook 
salmon a novel system for the present study, as gametes from the female can be easily 
obtained and females produce large, plentiful eggs. Additionally, as Chinook salmon are 
a species of industrial and conservation interest, further studies on factors influencing 
egg quality traits can be especially important and may be used to help improve 
supplementation efforts and current aquaculture protocols, respectively.  
 
 The first chapter of my master’s thesis will investigate environmental maternal 
effects on egg quality in the hatchery- versus wild-origin Chinook salmon of Lake 
Ontario. Chinook salmon were introduced into Lake Ontario in the mid 1960’s (Mills et 
al. 1993; Crawford 2001), and have since become an important component of the Lake 
Ontario ecosystem. Since their introduction, the Lake Ontario Chinook salmon 
!!
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population has been supplemented annually with hatchery-reared individuals, although 
evidence of natural reproduction is apparent (Bowlby et al. 2004). Differences in size 
between mature female Lake Ontario hatchery- and wild-origin Chinook salmon have 
previously been found (Bowlby et al. 2004), however it is unknown if there are also 
differences in egg quality. The results from this chapter will not only provide an 
important insights into how hatchery-rearing may affect egg quality traits in a 
socioeconomically important population of Lake Ontario salmon, but it may also be 
applicable in future rehabilitation and supplementation efforts, where the survival of the 
species is vital.   
 
In the second chapter of my thesis I will use a quantitative genetic breeding 
design to examine the genetic architecture of egg quality metrics in a population of 
farmed Chinook salmon at the Yellow Island Aquaculture Limited (YIAL), an organic 
fish farm located near Campbell River, British Columbia. The farming practices at YIAL 
differ from other commercial fish farms, as they do not use pesticides, antibiotics or 
hormones and fish are fed a diet designed to mimic that of wild salmon. Using this 
facility will allow me to study captive fish in a system that closely approximates their 
natural environment and reduce any bias due to environmental variation. In this chapter, 
I used a full- factorial breeding design that will allow me to partition the variance in egg 
quality traits among additive, non- additive and environmental maternal effects. 
Relatively few studies on maternal effects accounts for their genetic (heritable) 
component (Heath et al. 2003) and even fewer have analyzed non- additive genetic 
effects (but see Houde et al. 2013). By examining the contribution of additive genetic 
!!
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effects, non- additive genetic effects and maternal effects on egg quality, we are able to 
gain a better understanding on the evolutionary dynamics and genetic architecture of the 
phenotype. 
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Table 1.1 Glossary of fatty acids commonly found in biological tissue 
Common name Systematic name Notation1 Abbreviation 
    
Saturated     
Myristic Acid Tetradecanoate 14:0  
Palmitic Acid Hexdecanoate 16:0  
Stearic Acid Octadecanoate 18:0  
Arachidic Acid Eicosanoate 20:0  
    
Monounsaturated     
Palmitoleic Acid 9-hexadecenoic 16:1 (n-7)  
Oleic Acid 9- octadecenoic 18:1 (n-9)  
Vaccenic Acid 11- octadecenoic 18:1 (n-7)  
Gondoic Acid 11-Eicosenoic 20:1 (n-9)  
Paullinic Acid 13-Eicosenoic 20:1 (n-7)  
Erucic Acid 13- docosenoic 22:1 (n-9)  
    
Polyunsaturated n-3     
α-Linolenic Acid 9,12,15- octadecatrienoic 18:3(n-3) ALA 
Stearidonic Acid 6,9,12,15-octadecatetraenoic 18:4(n-3) SDA 
Eicosatrienoic Acid 11,14,17-eicosatrienoic 20:3(n-3) ETE 
Eicosatetrainoic acid 8,11,14,17-eicosatetraenoic 20:4(n-3) ETA 
Eicosapentaenoic Acid  5,8,11,14,17-eicosapentaenoic 20:5(n-3) EPA 
Docosapentaenoid Acid 7,10,13,16,19-docosapentaenoic 22:5(n-3) DPA 
Docosahexaenoic Acid 4,7,10,13,16,19-docosahexaenoic 22:6(n-3) DHA 
    
Polyunsaturated n-6    
Linoleic Acid 9,12- octadecadienoic 18:2(n-6) LA 
γ- Linolenic Acid 6,9,12- octadecatrienoic 18:3(n-6) GLA 
Eicosadienoic acid 11,14-eicosadienoic 20:2(n-6)  
Dihomo-γ-linolenic acid 8,11,14- eicosatrienoic 20:3(n-6) DGLA 
Arachidonic Acid 5,8,11,14- eicosatetraenoic 20:4(n-6) AA 
Docosadienoic Acid 13,16- docosadienoic 22:2(n-6)  
Adrenic Acid 7,10,13,16-docosatetraenoic 22:4(n-6)  
Docosapentainoic Acid 4,7,10,13,16-docosapentaenoic 22:5(n-6)  
    
1All fatty acids are notated as a:b(n-x), where a is the number of carbon atoms, b is the 
number of double bonds, and (n-x) indicates the position of the first double bond from the 
methyl end.  
 
All double bonds are in the cis configuration  
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Figure 1.1 The assembly of a teleost fish egg during oogenesis. Modified from Brooks et al. 1997. Abbreviation: GnRH, 
gonadotrophin- releasing hormone; GtHI, gonadotrophin analogous to mammalian follicle stimulating hormone; GtHII, 
gonadotrophin analogous to mammalian luteinizing hormone.!
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Chapter 2: Differences in egg quality among hatchery- and wild- origin Lake 
Ontario Chinook salmon (Oncorhynchus tshawytscha) 
2.1 Introduction !
 ‘Hatchery- origin’ can be used to describe individuals that are artificially 
fertilized and subsequently raised in a controlled, hatchery setting until eventually 
released back into the wild as juveniles. Such practices differ substantially from natural 
recruitment, as individuals in the hatchery are mated at random thereby eliminating mate 
choice for the female and potentially reducing the genetic quality of the offspring 
(Wedekind and Muller 2004; Pitcher and Neff 2007). Additionally, hatcheries impose a 
relaxed selection pressure on the developing offspring, where temperature and diet are 
favourable and no predators or other natural selection pressures are present (Fleming et 
al. 1994; Einum and Fleming 1999; Heath et al.  2003). Such benign environments can 
result in unintentional selection on critical early life history traits and lead to the 
divergence of hatchery fish from their wild counterparts (Swain and Riddell 1990; 
Fleming et al. 1994; McDermid et al. 2010).  As a result, hatchery-reared fish are more 
likely to develop traits that may be adaptive in captivity but maladaptive in nature and 
tend to do less well when in the wild (Fleming et al. 1994; Reisenbichler and Rubin 
1999; Miller et al. 2004).  Maladaptive changes in egg quality can be especially 
detrimental, as the quality of the egg determines the survival of the embryo and 
profoundly influences fitness in both mother and offspring (Roff 1992; Brooks et al. 
1997).  
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Egg quality, reflected in attributes such as size and composition (especially lipids 
and fatty acids), can have a significant impact on the early life history and survival of 
both wild and captive fish populations (Brooks et al. 1997). Normally in the wild, 
juveniles emerging from larger eggs are larger in size, with greater survival rates and 
fitness compared to smaller individuals (Elliot 1989; Einum and Fleming 1999, 2000). In 
contrast, hatchery environments relax natural selection on egg size (Einum and Fleming 
1999; Heath et al. 2003), and as a result offspring with maladaptive phenotypes are more 
likely to survive and reproduce (Einum and Fleming 1999). A previous study by Einum 
and Fleming (1999) found that in the brown trout (Salmo trutta), for example, offspring 
emerging from small eggs in a hatchery setting had similar growth and survival rates as 
those from large eggs, but had high mortalities and reduced fitness when in natural 
environments. The reduction of mortality in hatchery environments alone may influence 
the evolution of maladaptive egg traits and potentially reduce offspring survival when in 
the wild (Einum and Fleming 1999; Heath et al. 2003).  
 
In contrast to the numerous studies focusing exclusively on egg size in hatchery- 
vs. wild-origin individuals (Jonsson et al. 1996; Einum and Fleming 1999; Heath et al. 
2003), very few studies have compared other egg quality traits such as the composition 
of the egg itself. Presumably larger eggs are advantageous to the offspring in part due to 
their larger yolk reserves (Brooks et al. 1997), which provides the embryo with nutrients 
and energy during early life (reviewed in Wiegand 1996; Johnson 2009). In teleost fish, 
the egg yolk is comprised mostly of protein and lipid reserves, and provides structural 
materials, energy and micronutrients to the embryo prior to exogenous feeding (Wiegand 
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1996; Pickova et al. 1997; Johnson 2009). Among the fatty acids (FA), essential fatty 
acids (EFA) of the n-3 and n-6 configuration are especially important, as these cannot be 
synthesized de novo and have important implications in offspring growth and survival 
(Wiegand 1996). For example, the n-3 polyunsaturated fatty acid (PUFA) 
docosahexaenoic acid (DHA) is vital in normal brain and retinal development (Bell & 
Dick 1991; Bell et al. 1995; Wiegand 1996). Similarly, deficiencies in the EFA 
eicosapentanoic acid (EPA), DHA and arachidonic acid (AA) are linked to abnormalities 
in development, decreased hatching success and low offspring survival in numerous 
teleost fishes (Sargent et al. 1995; Wiegand 1996; Bessonart et al. 1999).  
 
In Lake Ontario, the Chinook salmon population has been stocked annually with 
hatchery-bred progeny since their introduction in the mid 1960’s. Initially, Chinook 
salmon (Oncorhynchus tshawytscha) were introduced into Lake Ontario to establish a 
top predator as a biological control of nuisance fish species (e.g. alewife Alosa 
pseudoharengus and rainbow smelt Osmerus mordax) and to help increase recreational 
and commercial fisheries (Crawford 2001). Currently, Chinook salmon comprise 40% of 
all salmonid catch in Lake Ontario (Stewart and Schaner 2002) and represent an 
important component of the Lake Ontario ecosystem and food web structure. Evidence 
of naturally- reproducing Chinook salmon was first observed in Lake Ontario tributaries 
in the 1980s (reviewed in Crawford 2001), and currently it is estimated that natural 
reproduction in Lake Ontario tributaries occurs among ~50% of the Chinook salmon 
population (Bowlby et al. 2004). However, it remains unclear whether this species can 
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survive without ongoing stocking programs and thus millions of hatchery- raised 
Chinook salmon juveniles continue to be released annually into Lake Ontario tributaries.   
 
 The life- cycle of hatchery- and wild- origin Chinook salmon differs substantially 
during spawning and early offspring development. Both hatchery- and wild-origin 
salmon migrate to Lake Ontario tributaries to spawn in late September through to 
October at the age of 2-4 years old (Kocik & Jones 1999). In the wild, females have the 
opportunity to choose genetically diverse mates and their embryos incubate in gravel 
redds under natural selection pressures. Surviving alevins emerge in the spring and feed 
of their yolk sac for several weeks until exogenous feeding begins. Mortality is typically 
high during the early feeding period as offspring are subjected to several selection 
pressures, including exposure to predators, competition for food sources and adverse 
environmental conditions. In contrast, hatchery-origin fish are derived from gametes 
obtained from the wild that are artificially fertilized and subsequently reared in a 
controlled hatchery- setting. Hatchery fertilization protocols completely eliminate mate 
choice from the female and offspring are raised under soft selection pressures where 
food abundance is high, predation is negligible, and other natural selection pressures are 
presumably limited. Hatchery-raised fry are released into natural streams in the spring 
(OMNR 2011), at which point they often experience lower survival and growth rates 
compared to wild-origin individuals (reviewed in Olla et al.1998). Previous studies on 
hatchery- and wild- origin fishes suggest that the lack of mate choice and differing 
selection pressures during early development has the potential to reduce the reproductive 
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success of hatchery fish in the wild (Heath et al. 2003; reviewed in Fraser 2008; 
Whitcomb et al. 2014).  
 
Currently, it is unknown if differences in environmental conditions experienced 
by hatchery- and wild- origin Lake Ontario Chinook salmon during early development 
lead to differences in their life history traits later as adults. Maladaptive changes in egg 
quality can be especially detrimental, as it may impede supplementation efforts and 
negatively affect the Lake Ontario Chinook salmon population by reducing offspring 
survival in the wild. While previous studies suggest differences in body size between 
spawning hatchery- and wild-origin Lake Ontario Chinook salmon (Bowlby et al. 2004), 
it is unknown if they have also diverged in reproductive traits.  As such, the objective of 
the present study was to examine differences in reproductive traits, particularly egg 
quality, between hatchery- and wild-origin Lake Ontario Chinook salmon. The results 
from this study will not only provide an important insight into how hatchery-rearing may 
affect egg quality in a socioeconomically important population of Lake Ontario salmon, 
but it may also be applicable in future rehabilitation and supplementation efforts, where 
the survival of the species is vital.   
2.2 Methods 
Field Sampling !
Gravid female Chinook salmon were collected from the Credit River (43° 34’N, 
79° 42’ W), a spawning tributary of Lake Ontario, in early October 2012, using standard 
electrofishing techniques. Upon collection, females were humanely euthanized and the 
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origin of the female identified by the presence (wild-origin) or absence (hatchery-origin) 
of the adipose fin. All hatchery-reared Chinook salmon stocked into the Credit River and 
throughout Lake Ontario in 2008 and 2009 were mass marked with an adipose fin clip 
(Connerton et al. 2011; Ontario Ministry of Natural Resources 2011). This is the 
standard practice implemented by both the Ontario Ministry of Natural Resources 
(OMNR) and the New York State Department of Environmental Conservation 
(NYSDEC) for all hatchery- reared individuals (Connerton et al. 2011). As such, all 
clipped and unclipped fish were presumed to be of hatchery origin and wild origin, 
respectively (OMNR 2011).   
 
For each female, fork length (+/- 1 mm) was recorded, and body mass (+/- 0.5 g) 
was measured both before (total body mass) and after (somatic mass) all eggs were 
removed.  Gonad mass was calculated as the difference between total body mass and 
somatic mass, while fecundity was estimated as: gonad wet mass / mean egg wet mass. 
Female condition was measured as the residual of the loge soma mass vs. loge fork length 
regressions between the two groups (Kaufman et al. 2007). Otoliths were removed from 
a subset of females and age was estimated by counting annuli on sectioned otoliths 
(OMNR 2011). A subsample of eggs from each female were placed in plastic bags and 
transported fresh to the laboratory for egg mass determination. Another subsample of 
eggs were stored in 50-mL falcon tubes, frozen in liquid nitrogen vapour and stored at -
80°C for lipid and fatty acid analyses (see below).   
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Egg Mass !
A subset of the frozen eggs was freeze-dried and dry mass was estimated by 
weighing three replicates of ten freeze-dried eggs to the nearest 0.001g.  Freeze-dried 
eggs were then ground to a powder in a ball mill, stored at -20°C and used for lipid 
determination (see below). 
Egg Lipid Content  !
Total lipid content was determined using a chloroform-methanol extraction 
procedure modified from the methods of Folch et al. (1957). Briefly, approximately 0.2 
g of ground freeze-dried egg tissue was weighed into a clean, glass centrifuge tube with 
5 mL of 2:1 chloroform: methanol solvent and allowed to soak overnight. Following 
soaking, the mixture was vortexed for 10 seconds and centrifuged for 10 minutes at 1000 
g. The supernatant was removed and transferred into a second clean, glass centrifuge 
tube (hereafter referred to as the supernatant tube). The remaining residue was then 
further extracted in 3 mL of solvent. Pooled supernatants were washed with 2.5 mL 0.8% 
potassium chloride solution by agitating on a wrist action shaker (Burell Scientific) for 
15 minutes. The supernatant tube was then centrifuged for 10 minutes at 1000 g, the 
upper aqueous layer discarded, and the lower chloroform layer containing the lipid 
extract was transferred into a pre-weighed glass vial. Each vial was allowed to dry 
overnight in a fume hood, placed in a desiccator for 1 hour and re-weighed to determine 
total lipid content.  Known standards of 100% lipid (olive oil) and 0% lipid (water) were 
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included in each analysis, and two or three extractions were performed for all samples. 
Crude lipid extracts were further separated into neutral and polar fractions using pre-
packed silica gel cartridges (Sep-Pak, Waters corporation, Milford Massachusetts) using 
methods described by Juaneda & Rocquelin (1985). 
Egg Fatty Acid Profile !
 Fatty acid methyl esters were prepared using eggs from a subset of 10 hatchery- 
reared and 10 wild-origin females following the procedure outlined in Wiegand et al. 
(2004) and Wiegand and Idler (1982). Briefly, lipids were extracted from a subsample of 
~700 mg of frozen egg tissue (3-4 eggs) in 10 mL of chloroform: methanol solvent  (2:1 
by volume) by grinding, using a Ten Broeck ground glass homogenizer (Pyrex brand).  
Homogenized tissue was then strained through solvent rinsed filter paper into a 60 mL 
separatory funnel. The homogenizer tube was rinsed with 10 mL of the solvent and 
pooled extracts were then washed with 0.88% aqueous potassium chloride (modified 
from Folch et al. 1957). The lower solvent layer containing the lipid extracts was 
collected and combined with 1 mL of 0.2% butylated hydroxytulene (BHT) in 
chloroform by inversion. Extracts were flushed with nitrogen, and stored at -20°C.  
 
Polar and neutral lipids were separated using pre-packed silica gel cartridges 
(Sep-Pak Waters corporations, Milford Massachusetts). First, the gel was washed with 
10 mL dichloromethane-methanol (DCM-MeOH, 19:0 by volume) containing 0.01% 
BHT.  A 3 mL aliquot of lipid extract was then re-dissolved in 2 mL of chloroform and 
added to the column. Neutral lipids were eluted with 3 mL of chloroform and 14 mL of 
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DCM-MeOH, respectively. Polar lipids were eluted with 24 mL of methanol containing 
0.01% of BHT. The accuracy of the fractions was routinely confirmed by thin-layer 
chromatography (TLC) (Wiegand and Idler 1982).  For each fraction, elutes were 
brought to dryness under a stream of nitrogen and re-dissolved in a few drops of toluene 
and 2.5 mL of ethanol. Elutes were then saponified in fresh potassium hydroxide (KOH) 
overnight (in the dark) at 37 °C (Wiegand and Idler 1982).   
 
Following saponification, non-saponified waste was removed by vortexing with 5 
mL of petroleum ether and discarding the top layer. This was repeated 4 times to ensure 
that approximately 90% of the non-saponified waste was discarded.  Saponified material 
was then acidified in 0.4 mL of hydrochloric acid. Fatty acids were extracted by 
vortexing with 5 mL of petroleum ether and retaining the top layer. Pooled fatty acids 
were then reduced under nitrogen and methylated in 3 mL of 14% boron trifluoride-
methanol solution. The mixture was incubated for 7.5 minutes at 60 °C and then 
transferred into a 125 mL separatory funnel with 30 mL of hexane. Fatty acid methyl 
esters were washed twice with 20 mL of saturated sodium chloride salt solution by 
shaking vigorously. The lower, aqueous layer was discarded and the organic layer 
containing the fatty acid methyl ester was collected. The authenticity of the fatty acid 
methyl esters was confirmed using thin layer chromatography (TLC) and were stored in 
the dark at -20°C.  
 
 Purified fatty acid methyl esters were reduced under a stream of nitrogen and 
transferred into a 0.3 mL amber glass reaction vial. The remaining liquid was brought to 
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dryness and re-dissolved in 500 uL of hexane and ethanol (4:1 by volume). Fatty acid 
methyl esters were then analyzed using a Varian 3300 gas chromatograph on a 30 M, 
0.25 mm bore capillary column coated with a 0.25 um film of Durabond 225. Two or 
three chromatographs were performed for most samples and mean fatty acid profiles 
were then calculated for both the polar and neutral lipid fractions. 
Statistical Analyses !
All statistical analyses were performed using SPSS statistical software (IBM, 
version 21.0). Dependent variables representing reproductive and egg quality traits 
included fecundity (egg number), gonad mass (g wet), egg size (dry mass (mg)), egg 
lipid content (% of dry mass), egg polar lipid content (% of total lipids), egg neutral lipid 
content (% of total lipids) and fatty acid profile (FAs as proportion of total FAs). 
Percentages of identified fatty acids were normalized to a total of 100%.  Independent 
variables representing maternal traits included age (years), somatic mass (g wet), fork 
length (FL, mm) and relative condition (residual loge mass).  Definitions and derivations 
of each variable are summarized in Table 2.1.  
 
Differences in maternal and egg traits were compared between the hatchery- and 
wild- origin females by analysis of variance (ANOVA) and analysis of covariance 
(ANCOVA). We used the maternal traits fork length (mm) and somatic mass (g wet) as 
covariates for all reproductive traits analyzed. As egg size tends to vary with egg number 
(Heath et al. 2003), we sought to control for this by including fecundity as a covariate for 
egg size. We used egg dry mass as a covariate for percent total lipid, polar lipids and 
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neutral lipids as total lipid and lipid class distribution may vary with egg mass.  
Similarly, we also included female condition as a covariate influencing egg lipid content 
(Kaufman et al. 2007).  Fatty acid (FA) profiles were analyzed for neutral and polar egg 
lipid fractions by calculating principal components from the relative abundances of 25 
FAs. Differences in FA profile between groups were analyzed using the first two PCs 
(eigenvalue > 1) as dependent variables in our ANCOVA model, and including female 
fork length, somatic mass, egg size and egg lipid as possible covariates. Additionally, 
relative abundances of individual FAs that contributed substantially to the neutral and 
polar fractions were analyzed between our two groups using maternal fork length, 
somatic mass, egg size and total egg lipid as possible covariates.  All variables expressed 
as proportions (total, polar and neutral lipids, FA relative abundance) were arcsine-
square-root transformed prior to analysis.   
2.3 Results 
Maternal Traits !
We collected samples from a total of 50 female Chinook salmon spawning in the 
Credit River, of which 27 were hatchery-origin and 23 were wild-origin. All females 
were 3 or 4 years of age (Table 2.2). There were no significant differences in fork length 
(t- test, t = 0.080, df=48, p=0.94) or somatic mass (t- test, t = 1.01, df=48 p= 0.32) 
between the hatchery- and wild-origin females. Sampled females of hatchery origin 
demonstrated a wider range in their body size than sampled females of wild origin (Table 
2.2). There were three hatchery-reared females of distinctly smaller body size (FL < 800 
mm) and although these individuals were not omitted as outliers, their effects on all 
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subsequent analyses were closely monitored.  Additionally, there was no significant 
difference in female body condition between the two groups of salmon, as there was no 
difference in the residuals of the overall loge mass- loge length regression (t-test, t = 1.08, 
df=48, p=0.29, Fig. 2.1).  
 
There was no significant interaction between the effects of female fork length and 
origin (hatchery or wild) on gonad mass (ANCOVA, heterogeneity of slopes, F1, 46 = 
1.69, p = 0.20). Following removal of the interaction term, the covariate female fork 
length did not significantly influence gonad mass (ANCOVA, covariate effect, F1, 47 = 
0.45, p = 0.51, Fig. 2.2), but significant differences were observed between our two 
groups of females (ANCOVA, main effect, F1,47= 5.05, p=0.03, Fig. 2.3). These results 
did not change when using somatic mass as a covariate (ANCOVA, main effect, F1,47= 
4.91, p=0.032).   
 
Fecundity ranged from 932 to 9041 among the hatchery-origin females and from 
1568 to 9769 among the wild-origin females (Table 2.2). There was no interaction 
between the effects of female fork length and origin on fecundity (ANCOVA, 
heterogeneity of slopes, F1,46 = 1.20, p= 0.28) and following removal of the interaction 
term, fork length did not significantly influence female fecundity (ANCOVA, covariate 
effect, F1,47 = 0.25,  p= 0.62).  Fecundity did not differ significantly between hatchery- 
and wild-origin Lake Ontario Chinook salmon (ANOVA, F1, 48 = 2.06, p = 0.16).  
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Egg Size !
There was no significant interaction between female fork length and origin on 
egg dry mass (ANCOVA, heterogeneity of slopes, F1,46 = 1.16,  P= 0.29). Following 
removal of the interaction term, egg dry mass increased significantly with increasing 
female length (ANCOVA, covariate effect, F1,47 = 16.3,  p < 0.001, Fig. 2.4) and differed 
significantly between hatchery- and wild-origin Chinook salmon (ANCOVA, F1,47 = 
5.90, p = 0.019, Fig. 2.5). Mean egg sizes adjusted to a female size of 880 mm FL were 
96 mg and 104 mg for hatchery- and wild-origin females, respectively.  There appeared 
to be a stronger trade-off between egg size and fecundity in hatchery- than wild-origin 
females  (Fig. 2.6). However, the slopes of these relationships did not differ significantly 
between the two groups (ANCOVA, heterogeneity of slopes, F1,46 = 3.38,  p = 0.07).  
Egg Lipid Content !
 We found no significant interaction between the effects of female fork length and 
origin on egg lipid content (ANCOVA, heterogeneity of slopes, F1,46 = 0.027, p =0.87) 
and following removal of the interaction term female fork length did not significantly 
influence the percentage of egg total lipids (ANCOVA, covariate effect, F1,47 = 0.33, p = 
0.57). Mean egg lipid concentrations were 28.6% and 29.0% for the hatchery- and wild-
origin females, respectively, and this difference was not statistically significant 
(ANOVA, F1, 48 = 1.42, p = 0.24, Fig. 2.7). Repeating this analysis using female 
condition or egg size as the covariate did not change the outcome (all p>0.15).  
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There was no significant interaction between female fork length and origin on 
neutral lipid content (ANCOVA, heterogeneity of slopes, F1,46 = 0.13, p = 0.72) and 
following removal of the interaction term there was no significant relationship between 
egg neutral lipid content and female fork length (ANCOVA, covariate effect, F1,47 = 1.45, 
p = 0.23).  Significant differences were observed between the two groups of salmon 
(ANOVA, F1, 48 = 4.15, p = 0.048, Fig. 2.7). Wild- origin females produced eggs with a 
higher proportion of lipids in the neutral fraction. Repeating this analysis using female 
condition or egg size as the covariate did not change the outcome (all p< 0.05).  
Egg Fatty Acid Profiles: Neutral Fraction 
 
Principal component analysis (PCA) indicated that most of the variation among 
females in egg neutral lipid FA profiles was due to variation in relative abundances of 
18:1(n-9), 22:5(n-3), 22:6(n-3) and 20:4(n-6). The first two PCs accounted for 58% and 
22% of the total observed variance, respectively, and separation of hatchery- and wild-
origin females appeared to be negligible along both the PC1 and PC2 axes (Fig. 2.8).   
Among the maternal and egg traits examined as potential covariates, only egg total lipid 
content accounted for significant variation in either PC1 or PC2, and it was used as the 
primary covariate in subsequent analyses.   
 
In the analysis of PC1, we observed no significant interaction between egg total 
lipid content and female origin (ANCOVA, heterogeneity of slopes, F1,16= 0.05, p= 0.82). 
Following removal of the interaction term, we found that PC1 was positively related to 
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egg total lipid content (ANCOVA, covariate effect, F1,17= 5.44, P=0.03) but did not differ 
between our two groups of females (ANCOVA, F1,16=0.01, P= 0.92). For PC2, no 
interaction was observed between egg total lipid content and female origin (ANCOVA, 
heterogeneity of slopes, F1,16= 0.28, p= 0.61) and following removal of the interaction 
term, there was no significant effect of either egg total lipid (ANCOVA, covariate effect, 
F1,17=2.37, p=0.14) or female origin (ANCOVA, F 1,17= 2.67, p=0.12) on PC2.  Similarly, 
we found no effect of female origin on either PC1 or PC2 when other covariates were 
used in the ANCOVA model.  
 
 Individual fatty acids that contributed substantially to the variation in principal 
components were further analyzed between our two groups of females. Among the 
maternal and egg traits examined as potential covariates, only egg size and egg total lipid 
accounted for significant variation in the fatty acids 18:1(n-9), 22:5(n-3) and 20:4(n-6).  
In the analysis of 18:1(n-9), we observed no significant interaction between egg total 
lipid content and female origin (ANCOVA, heterogeneity of slopes, F1,16= 0.028, 
p=0.87). Following removal of the interaction term we found that 18:1(n-9) was 
positively related to egg total lipid (ANCOVA, covariate effect, F1,17= 5.92, p=0.026) but 
did not differ between our two groups of females (ANCOVA, F1,17= 0.050, p=0.83, Fig 
2.9). Repeating this analysis using egg dry mass as a covariate for 18:1(n-9) did not 
change our results (ANCOVA, covariate effect, F1,17=5.56, p=0.031; main effect, 
F1,17=0.004, p= 0.95). For 22:5(n-3), we observed no significant interaction between egg 
total lipid content and female origin (ANCOVA, heterogeneity of slopes, F1,16= 1.35, 
p=0.26). Following removal of the interaction term, we found that 22:5(n-3) was 
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positively related to egg total lipid content (ANCOVA, covariate effect, F1,17=6.32, p= 
0.022) and differed between hatchery- and wild- origin females (ANCOVA, F1,17=8.21, 
p= 0.011, Fig. 2.9).  When we used egg size as a covariate, we found that 22:5(n-3) was 
not related to egg size (ANCOVA, covariate effect, F1,17= 1.17, p=0.29) and significant 
differences were observed between our two groups of females (ANCOVA, F1,17= 6.89, 
p=0.018, Fig. 2.9).  For 20:4(n-6), we observed no significant interaction between egg 
lipid content and female origin (ANCOVA, heterogeneity of slopes, F1,16= 0.73, p= 0.40) 
and following removal of the interaction term we found significant effects of both egg 
total lipid (ANCOVA, covariate effect, F1,17= 8.46, p= 0.010) and female origin 
(ANCOVA, F1,17= 4.77, p= 0.043, Fig. 2.9) on 20:4(n-6).  
   
Egg Fatty Acid Profiles: Polar Fraction 
 
Due to contamination during fatty acid methyl ester extraction, only 9 hatchery-
origin females were included in all polar lipid FA analysis. Principal components 
analysis (PCA) indicated that most of the variation among females in egg polar lipid FA 
profiles was due to variation in relative abundances of 22:6(n-3), 18:0, 16:0, and 18:1(n-
9). The first two PCs accounted for 52% and 27% of the total observed variance, 
respectively. There was no clear separation of hatchery- and wild-origin females on 
either the PC1 or PC2 axis (Fig. 2.8).  Neither PC1 nor PC2 showed strong relationships 
with any of the potential covariates (female fork length, female somatic mass, egg size, 
egg total lipid, p>0.11).  However, we analyzed the PCs following a similar ANCOVA 
model as for neutral lipid, using egg total lipid content as the covariate.  
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In the analysis of PC1, we observed no significant interaction between egg total 
lipid content and female origin (ANCOVA, heterogeneity of slopes, F1,15= 1.12, p= 0.31). 
Following removal of the interaction term, we found that PC1 was not related to egg 
total lipid content (ANCOVA, covariate effect, F1,16= 0.09, P=0.76) and did not differ 
between hatchery- and wild-origin females (ANCOVA, F1,16=0.45, P= 0.51). For PC2, no 
interaction was observed between egg total lipid content and female origin (ANCOVA, 
heterogeneity of slopes, F1,15= 0.010, p= 0.94) and following removal of the interaction 
term, there was no significant effect of either egg total lipid (ANCOVA, covariate effect, 
F1,16=1.05, p=0.32) or female origin (ANCOVA, F 1,16= 3.02, p=0.10).  Similarly, we 
found no effect of female origin on either PC1 or PC2 when other covariates were used 
in the ANCOVA model.  
 
Individual fatty acids that contributed substantially to the variation in principal 
components were further analyzed between two groups of females.  Among the maternal 
and egg traits used as potential covariates, only egg total lipid accounted for significant 
variation in the fatty acid 18:1(n-9).  We observed no significant interaction between egg 
total lipid content and female origin (ANCOVA, heterogeneity of slopes, F1,16= 0.30, 
p=0.82). Following removal of the interaction term, the covariate egg total lipid 
significantly influenced 18:1(n-9) (ANCOVA, covariate effect, F1,17= 6.84, p=0.019) and 
did not differ between our two groups of females (ANCOVA, F1,17= 0.23, p=0.64, Fig. 
2.9).   
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2.4 Discussion !
In Lake Ontario, hatchery- raised progeny are intentionally released in the wild 
each year to help bolster previously introduced Chinook salmon populations.  The 
present study is the first, to our knowledge, to analyze differences in early life history 
traits in the Lake Ontario Chinook salmon population and is arguably the most 
comprehensive analysis of differences in egg quality among hatchery- and wild-origin 
salmon. We found that certain components of the female’s reproductive biology did 
differ in hatchery- and wild- origin females, while other important aspects of egg quality, 
did not. More specifically, hatchery- females were found to allocate significantly less 
energy into egg and gonadal development, but had similar fatty acid profiles as their wild 
counterparts. The results from the present study provides evidence that the differing 
environmental conditions and associated selection pressures of captive-environments 
during early life can alter certain life- history traits later in development, namely gonad 
mass and egg size.  
 
Bowbly et al. (2004) previously recorded that wild- origin lake Ontario Chinook 
salmon are significantly longer (~49mm longer FL) than hatchery- individuals. Contrary 
to this finding, however, we found no significant differences in either fork length or 
somatic mass among hatchery- and wild- origin females, although hatchery- females 
were more variable in both of these traits. The greater variability in body size observed 
here in hatchery- individuals could be due to a number of factors, which ultimately 
reflects the female’s ability to adjust to her new environmental conditions. Previous 
studies suggest that hatchery- reared fish released into natural environments consume 
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less food and fewer prey types, and experience depressed growth and survival rates 
compared to wild- origin fish (Reisenbichler and McIntyre 1977; reviewed by Olla et al. 
1998; Ireland et al. 2002). In the brown trout, for example, hatchery- reared fish were 
initially observed to consume fewer and different prey types compared to wild fish, but 
these differences disappeared after a few weeks in the wild (Johnsen & Ugedal 1986, 
1989, 1990). Although the female’s foraging ability may improve with experience, the 
female’s ability to adjust to her new environment and acquire novel prey items may 
results in the more variable growth rates observed here among hatchery- females.  
 
Differences in prey types and foraging ability may not only result in variation in 
growth rates between our two groups of salmon, but may also play a role in their gonadal 
development. We found that hatchery- reared Lake Ontario Chinook salmon allocated 
less energy into gonadal development, as they produced gonads that were significantly 
smaller compared to their wild counterparts. Gonad mass has previously been found to 
increase with adult body size in other salmonids (Hendry & Berg 1999; Kinnison et al. 
2001; Campbell et al. 2006) and is also highly dependent on feeding rates and quality of 
food sources (Sasayama & Takahashi 1972; Cerda et al. 1994; reviewed in Izquierdo et 
al. 2001). Although gonad mass increased with female fork length among wild- origin 
Lake Ontario salmon, no clear relationship was found among hatchery individuals. 
Alternatively, a reduction in ovary investment has been observed in salmonids due to the 
costs of migration (Hendry & Berg 1999; Kinnison et al. 2001; Crossin et al. 2004). 
Hatchery- reared salmon in lake Ontario may be unable to allocate their resources as 
efficiently during migration, thus sacrificing their gonadal development and resulting in 
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smaller gonad mass.  This may also negatively affect the female’s investment into other 
reproductive traits, such as the size of her eggs.  
 
The occurrence of small egg sizes among hatchery- reared females has been 
previously studied in numerous teleost fishes (Jonsson et al. 1996; Einum & Fleming 
1999; Heath et al. 2003). Although egg size is under strong genetic control, captive- 
environments can alter this trait thereby negatively impacting offspring viability when 
stocked into the wild. Here, hatchery- reared females not only produced significantly 
smaller eggs, but also made greater trade-offs between egg size and egg number 
compared to their wild counterparts.  Heath et al. (2003) observed a similar relationship 
in a population of farmed Chinook salmon, and suggested that the soft selection 
pressures of captive environments enables fecundity selection to drive the evolution of 
significantly smaller eggs.  Alternatively, in the Atlantic Salmon (Salmo salar), 
hatchery- females that experienced rapid growth rates and low mortalities as juveniles 
were found to produce smaller eggs than wild conspecifics of corresponding size 
(Jonsson et al. 1996). Previous studies suggest that mothers may prepare their offspring 
for similar environmental conditions to those they experienced as juveniles (Jonsson et 
al. 1996; Taborsky 2006), and a similar mechanism may influence the differences in egg 
sizes among hatchery- and wild- Lake Ontario Chinook salmon.  
 
Allocation of lipids and their constituents, fatty acids, largely influences the 
quality of eggs and survival of the offspring (Kjorsvik et al. 1990; Wiegand 1996).  In 
the present study, wild- origin females were found to allocate more neutral lipids into 
! 41!
their oocytes, however they had similar fatty acid profiles as hatchery- individuals. Egg 
neutral lipid reserves primarily serves as an energy source to the developing embryo, are 
heavily dependent on maternal diet, and generally more variable than polar lipids 
(reviewed in Wiegand 1996; Pickova et al. 1997; Izquierdo et al. 2011). The lack of 
differences observed in neutral lipid fatty acid profile would suggest that the diet of 
hatchery- and wild- origin females does not differ, specifically in their acquisition of 
fatty acids. This conclusion is supported by stable isotope data obtained from muscle 
tissue from a subset of the females sampled (T.Pitcher, unpublished data). In contrast, 
polar lipid fraction serves a structural role in animal life histories (reviewed in Wiegand 
1996) and is less dependent on maternal dietary sources in the Chinook salmon (Ashton 
et al. 1993). It has been suggested that selection favours low variation in polar lipid fatty 
acid profile in several fish species, especially with the percentage of DHA, 22:6(n-3) 
(Ashton et al. 1993; Pickova et al. 1999). DHA is selectively incorporated into fish eggs 
(Wiegand 1996; Bell & Sargent 2003; Johnson et al. 2011) and as a result is the 
predominant fatty acid in several fish species (i.e. Atlantic salmon Salmo salar (Pickova 
et al. 1999); Lake Trout Salvelinus namaycush (Honeyfield et al. 2009)) including the 
Chinook salmon (Ashton et al. 1993). Results from our study support this hypothesis, as 
DHA was the predominant fatty acid in both wild- and hatchery- females.  
 
Among the individual fatty acids analyzed, a shift in arachidonic acid (AA, 
20:4n-6) content would have the greatest effect on egg quality and hatching success in 
teleost fishes. (Evans et al. 1996; Pickova et al. 1997). Castell et al. (1995) found that 
lobsters (Homarus americanus) from different wild stocks can also be identified based 
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on fatty acid composition of their eggs, specifically in their allocation of AA (20:4n-6), 
and similar findings have also been observed in the cod Gadus morhua (Pickova et al. 
1997) and Atlantic salmon Salmo salar (Pickova et al.  1999). Contrary to previous 
studies in farmed- and wild- salmon (Ackman & Takeuchi 1986; Ashton et al. 1993), we 
found that hatchery- females allocated significantly more AA into their eggs compared to 
wild- females. It has been proposed that both genetic and dietary sources can determine 
levels of AA in teleost fish (Pickova et al. 1997, 1999), and this may play a role in the 
differences observed in the present study.  
 
Differences in mate choice, juvenile growth rates, and selection pressures 
experienced by hatchery-fish during early life may all serve as mechanisms altering life 
history later as adults. For example, a recent study on coho salmon (Oncorhynchus 
kisutch) suggests that wild-origin females choose mates with disease-resistant genes 
different from their own, and, for some unknown reason, hatchery- reared coho salmon 
did not have the same ability to select mates that were genetically unique (Whitcomb et 
al. 2014). In addition, offspring of wild- coho salmon were more likely to survive to 
adulthood, while hatchery- fish had a much lower reproductive success (Whitcomb et al 
2014).  Similarly, numerous studies suggest that females that grow rapidly as juveniles 
are more likely to produce smaller eggs as adults (Jonsson et al. 1996; Taborsky 2006; 
Burton et al. 2013) and exposure to predators in youth can induce the production of 
larger eggs as an adult in some fish species (Segers & Taborsky 2012). By minimizing 
these differences experienced by hatchery- and wild- fish during early life can help to 
advance existing fish husbandry and hatchery- protocol. More specifically, if Lake 
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Ontario hatcheries allowed females to chose their mates and provided an enhanced early 
rearing environment that closely mimics that of the wild, the differences we observed 
here among hatchery- and wild- origin Lake Ontario Chinook salmon could likely be 
eradicated.  
 
In summary, the present study is arguably the most comprehensive analysis of 
differences in egg quality traits in hatchery- and wild- origin Chinook salmon. We found 
that certain aspects of the female’s reproductive biology differed in hatchery- and wild- 
origin females, namely in egg size and gonadal development, while a very important 
aspect of egg quality, fatty acid profile, does not. Overall, the differences observed in the 
present study would have the potential to impede supplementation efforts and negatively 
affect the lake Ontario Chinook salmon population by reducing offspring survival in the 
wild.  By improving current hatchery- protocol to allow mate- choice for the female and 
providing an environment that closely mimics that of the wild could minimize these 
differences and produce fish that are more adapted to the wild.  !!
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Table 2.1 Derivation and definition of maternal, reproductive and egg traits analyzed. 
Variable Description 
Maternal and Reproductive Traits  
Age  Age (years) 
Fork length Female length from the most anterior part of the head to fork of the tail (mm) 
Somatic mass Female mass after all eggs removed (g) 
Condition Residual from loge soma mass- loge fork length relationship of the population 
Gonad mass Difference in female mass between before and after egg removal (g) 
Fecundity Number of eggs the female produced (ovary wet mass / mean egg wet mass)   
 
 
  
Egg Traits  
Egg size Mean dry mass of an individual egg (mg)  
% Total lipids Percentage of egg mass composed of lipids (% of dry mass) 
% Neutral lipids Percentage of egg lipids in the neutral fraction (% of total lipids) 
Fatty acid profile Percentage of total egg lipid fatty acids represented by particular fatty acids (% of wet mass) 
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Table 2.2. Summary statistics of maternal, reproductive and egg traits analyzed for hatchery- and wild-origin Chinook salmon 
Oncorhynchus tshawytscha from the Credit River, Lake Ontario.  
 Hatchery Origin (n= 27) Wild Origin (n=23) 
 
Mean ± SD 
Range  
(min– max) 
CV 
(%) Mean ±SD 
Range  
(min- max) 
CV 
(%
)        
Maternal & Reproductive Traits      
Age (years) 3.09 ± 0.30 3-4 10 3.27 ± 0.47 3-4 13 
Fork length (mm) 880.85 ± 63.41 748- 971 7.2 879.65 ± 47.65 811- 985 5.4 
Somatic mass (g) 6880.37 ± 1485.78 3175- 8981 22 6545.65 ± 799.51 5148- 7734 12 
Gonad mass (g) 1370.30 ± 537.62 290.0- 1370.30 39 1772.96  ± 724.38 567- 3207 41 
Fecundity 4602.40 ± 1822.14 932.13- 9041.06 40 5374.36 ± 1982.64 1568.03- 9768.93 37 
 
 
 
      
 
 
 
 
Egg Traits       
Egg Size (dry mass, mg) 106.19 ± 14.10 82.85- 127.62 13 114.70 ± 14.80 82.21- 137.50 13 
% Total Lipid 28.59 ± 1.36 25.12- 31.21 4.8 29.03 ± 1.23 26.41- 31.62 4.2
% Neutral Lipids 60.21 ± 2.09 55.47- 63.61 3.5 61.33 ± 1.76 58.96- 65.60 2.9 
       
 !
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Table 2.3. Mean percentages (and standard deviation) of individual fatty acids, fatty acid 
families and ratios in neutral and polar egg lipids of hatchery- and wild- origin Chinook 
salmon.  
 Neutral Lipid Polar Lipid 
 Wild  
(N =10) 
Hatchery 
(N=10) 
Wild  
(N=10) 
Hatchery  
(N=9) 
Saturated     
14:0 2.9 ± 0.4 2.9 ± 0.2 0.9 ± 0.2 0.9 ± 0.2 
15:0 0.4 ± 0.1 0.4 ± 0.03 0.4 ± 0.1 0.4 ± 0073 
16:0 8.5 ± 0.6 8.9 ± 0.5 13.5 ± 1.3 14.1 ± 1.4 
18:0 2.8 ± 0.3 2.5 ± 0.4 10.4 ± 1.0 9.5 ± 1.1 
Monounsaturated     
16:1(n-9) 1.3 ± 0.2 1.2 ± 0.08 0.6 ± 0.09 0.6 ± 0.08 
16:1(n-7) 5.9 ± 0.5 5.7 ± 0.4 1.3 ± 0.4 1.4 ± 0.4 
17:1 0.8 ± 0.1 0.7 ± 0.1 0.6 ± 0.06 0.6 ± 0.05 
18:1(n-9) 15.5 ± 2.3 15.4 ± 1.7 9.8 ± 0.9 10.0 ± 0.8 
18:1(n-7) 3.3 ± 0.2 3.3 ± 0.2 3.0 ± 0.3 3.1 ± 0.2 
20:1(n-9) 0.7 ± 0.1 0.7 ± 0.1 1.1 ± 0.1 1.0 ± 0.1 
20:1(n-7) 0.2 ± 0.06 0.2 ± 0.03 0.1 ± 0.04 0.1 ± 0.04 
Polyunsaturated n-3     
18:3(n-3) 5.6 ± 0.6 6.0 ± 0.4 1.3 ± 0.4 1.5 ± 0.4 
18:4(n-3) 2.0 ± 0.3 1.9 ± 0.3 0.5 ± 0.1 0.4 ± 0.1 
20:3(n-3) 1.4 ± 0.2 1.4 ± 0.09 1.0 ± 0.1 1.1 ± 0.09 
20:4(n-3) 4.8 ± 0.5 4.8 ± 0.4 1.8 ± 0.3 2.0 ± 0.2 
20:5(n-3), EPA 9.3 ± 0.8 9.3 ± 0.3 10.7 ± 0.6 10.5 ± 0.4 
22:5(n-3) 6.1 ± 0.7 5.5 ± 0.4 6.2 ± 0.4 5.9 ± 0.5 
22:6(n-3), DHA 12.6 ± 1.2 13.3 ± 1.1 22.8 ± 1.5 22.4 ± 1.4 
Polyunsaturated n-6     
18:2(n-6) 5.5 ± 0.4 5.6 ± 0.3 1.5 ± 0.4 1.6 ± 0.4 
18:3(n-6) 0.6 ± 0.4 0.4 ± 0.05 0.2 ± 0.03 0.2 ± 0.02 
20:2(n-6) 0.7 ± 0.1 0.7 ± 0.06 0.8 ± 0.1 0.8 ± 0.1 
20:3(n-6) 0.8 ± 0.1 0.7 ± 0.08 0.5 ± 0.1 0.5 ± 0.03 
20:4(n-6), AA 6.3 ± 0.3 6.6 ± 0.4 9.1 ± 0.5 9.3 ± 0.3 
22:4(n-6) 0.6 ± 0.1 0.6 ± 0.04 0.4 ± 0.07 0.5 ± 0.2 
22:5(n-6) 1.2 ± 0.3 1.2 ± 0.1 1.4 ± 0.2 1.3 ± 0.2 
     
Sum SFA 14.6 ± 0.7 14.7 ± 0.7 25.2 ± 1.5 24.9 ± 1.4 
Sum MUFA 27.8 ± 2.2 27. 0 ± 1.7 16.5 ± 1.4 16.9 ± 1.2 
Sum (n-6) PUFA 15.7 ± 0.7 16.1 ± 0.9 14.0 ± 0.9 14.3 ± 0.7 
Sum (n-3) PUFA 41.9 ± 1.6 42.2 ± 1.5 44.2 ± 0.9 43.8 ± 1.1 
AA + EPA 15.6 ± 2.1 15.9 ± 1.9 19.8 ± 1.1 19.7 ± 0.04 
Sum (n-3)/ (n-6) 2.7 2.6 3.2 3.1 
EPA/ AA 1.5 1.4 1.2 1.1 
DHA/EPA 1.4 1.4 2.1 2.1 
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Figure 2.1. Mass - length relationships (loge- transformed) of hatchery- (●) and wild- (o) 
origin Chinook salmon (Oncorhynchus tshawytscha) spawning in the Credit River, Lake 
Ontario. Regression: hatchery-origin females (dashed line) Y= 3.10X – 4.31, r2= 0.83 
and wild-origin females (solid line) Y= 1.98X – 1.00, r2= 0.72.  
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Figure 2.2. The relationship between female fork length (mm) and gonad mass (g) in 
hatchery (●) and wild- (o) origin Chinook salmon (Oncorhynchus tshawytscha) 
spawning in the Credit River, Lake Ontario. Regression: hatchery-origin (dashed line) 
Y=-3.56X + 1684.14, r2=0.002 and wild-origin (solid line) Y= 40.9X – 1826, r2= 0.07  !
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Figure 2.3. Mean gonad mass (g) (± standard error) in hatchery- and wild- origin lake 
Ontario Chinook salmon. Significant differences were observed between the two groups 
of females, p<0.05.  
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Figure 2.4. The relationship between female fork length (mm) and egg size (dry mass, 
mg) in hatchery (●) and wild- (o) origin Chinook salmon (Oncorhynchus tshawytscha) 
spawning in the Credit River, Lake Ontario. Regression: hatchery-origin (dashed line) 
Y= 0.11X + 13.52, r2=0.22 and wild-origin (solid line) Y= 0.18X – 42.33, r2= 0.33 ! !
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Figure 2.5. Mean egg size (dry mass, mg) (± standard error) in hatchery- and wild- 
origin lake Ontario Chinook salmon. Significant differences were observed between the 
two groups of females, p<0.001.  
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Figure 2.6.  The relationship between female fecundity and egg size (dry mass mg) in 
hatchery (●) and wild- (o) origin Chinook salmon (Oncorhynchus tshawytscha) 
spawning in the Credit River, Lake Ontario. Regression: hatchery-origin (dashed line) 
Y= -0.003X +119.37, r2= 0.14 and wild-origin (solid line) Y= 0.001X +108. 86, r2= 0.02.  
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Figure 2.7. Mean total egg lipid (% of egg dry mass) (± standard error) and neutral lipid 
(% of egg total lipid) (± standard error) in hatchery- and wild- origin lake Ontario 
Chinook salmon. Significant differences were observed in neutral lipid content between 
the two groups of females, p<0.05. 
 !
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Figure 2.8. Scatter plots of the first two principal components (PC1 and PC2) from fatty acid profiles of neutral and polar egg 
lipids. Separation of fatty acid profiles of hatchery- reared (●) and wild- origin (o) females were negligible 
!
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Figure 2.9.  Relationship between total egg lipid (% of dry mass) and proportion of FA 
18:1(n-9), 22:5(n-3) and 20:4(n-6) in polar and neutral lipid fraction of hatchery- (●, 
dashed- line) and wild-origin (o, solid line) Lake Ontario Chinook salmon.!!!
! 66!
Chapter 3: Genetic architecture of egg quality metrics in a population of farmed 
Chinook salmon (Oncorhynchus tshawytscha) 
3.1. Introduction !
Maternal effects occur when the phenotype of the mother influences that of her 
offspring independently of the female’s direct genetic contribution (Mousseau & Fox 
1998). Such effects are widely studied in both plants and animals alike (Roach & Wulff 
1987; Bernardo 1996a; Green 2008), and have previously been demonstrated in a wide 
range of phenotypic traits (Bernardo 1996b; Heath et al. 1999; Johnson et al. 2014). 
Maternal effects have been largely described as an environmental source of phenotypic 
variation that confounds our ability to accurately estimate the genetic basis of a trait 
(Falconer 1989; Rausher 1992). However, more recently, it has become evident that 
maternal effects can influence the strength and direction of evolution on a phenotypic 
trait, and result in accelerated, dampened and sometimes non-intuitive responses to 
selection (Kirkpatrick & Lande 1989; Wolf et al. 1998; McAdams & Boutin 2003). 
Maternal genetic effects may thus act a powerful evolutionary force (Kirkpatrick & 
Lande 1989; Wade 1998; Rasanen & Kruuk 2007), and this may be especially important 
for those species in which the female makes a large investment into her eggs. Although 
maternal genetic effects have received considerably more attention in recent years 
(McAdams & Boutin 2003; Heath et al. 2003; Shikano & Taniguchi 2005), our 
knowledge on their influence on early egg quality traits still remains limited despite the 
importance these traits have on offspring growth and survival.  
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Egg quality can be defined by both the size and composition of the egg, with 
good quality eggs being those that produce fast growing, viable offspring (Brooks et al. 
1997; Nissling et al. 1998; Aegerter & Jalabert 2004). Normally in nature, offspring that 
emerge from larger eggs have more resources available for development and have 
significant fitness advantages compared to smaller individuals (Brooks et al. 1997; 
Einum & Fleming 1999). Maternal effects on egg quality is thought to evolve as a 
mechanism of phenotypic plasticity, whereby females adjust the quality of her eggs to 
benefit the offspring in the environment in which they are likely to live in (Galloway 
2005; Allen et al. 2008). For example, selection favors the evolution of few but large egg 
sizes in environments where food abundance low and the environmental conditions may 
be unfavorable to the offspring (Roff 1992; Hereford & Moriuchi 2005). While the local 
environment of the mother and associated selection pressures may influence maternal 
effects on egg quality, substantial evidence suggests a heritable genetic basis to several 
of these traits (Doughty & Sinervo 1996; Heath et al. 2003; reviewed in Rasanen & 
Kruuk 2007) (see Table 3.1).  The heritability of egg size, for example, has been 
previously studied in a wide range of organisms including reptiles (Doughty & Sinervo 
1996), birds (Tschirren et al. 2009; Okuliarova et al. 2011), insects (Fox et al. 1999) and 
fish (Heath et al. 2003) (see Table 3.1).  In a wild population of side- blotched lizards 
Uta stansburiana, egg size had a strong genetic basis and this occurred independently 
from any non-genetic maternal effects (Doughty & Sinervo 1996).   
 
 In contrast to the numerous studies on the heritability of egg size in vertebrates 
(Doughty & Sinervo 1996; Heath et al. 2003; Okuliarova et al. 2011), few studies 
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account for the genetics of the inherent properties of the egg itself (Table 3.1). In 
oviparous organisms, the provisioning of the egg yolk is imperative to offspring growth 
and survival, as it represents the only source of nutrients and energy to the embryo prior 
to exogenous feeding (Wiegand 1996). Previous studies in birds suggest a heritable basis 
to maternal egg provisioning, specifically for yolk mass and the allocation of yolk 
hormones (Tschirren et al. 2009; Okuliarova et al. 2011). In a wild population of 
collared flycatchers Ficedula albicollis, for example, yolk mass and yolk testosterone 
concentrations were both significantly heritable traits (Tschirren et al. 2009).  Although 
yolk hormones contribute to offspring growth and development, they represent a 
proportionally small amount of the egg yolk in most vertebrates (Brooks et al. 1997). In 
teleost fish, the egg yolk is primarily comprised of lipoproteins and vitellogenin, which 
encompass the lipid reserves fundamental for normal offspring growth and development 
(Wiegand 1996; Johnson 2009; Lubzens et al. 2010).  Lipids and their derivatives, fatty 
acids, represent the main source of energy and nutrients to the developing offspring and 
are dependent on maternal contribution (Wiegand 1996). While previous studies suggest 
a heritable basis to adult body composition and lipid reserves (Kause et al.  2002; Tobin 
et al. 2006; Quinton et al. 2007), the genetic basis of yolk composition and lipid reserves 
has not yet been investigated in teleost fish.  
 
In the present study, we used a quantitative genetic breeding design to examine 
the genetic architecture of egg quality metrics (namely egg size and lipid content) in a 
population of farmed Chinook salmon (Oncorhynchus tshawytscha).  Chinook salmon 
are large, externally fertilizing fish (Healey 1991), which are native to the Pacific Ocean 
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and introduced into the Laurentian Great Lakes in the mid 1960’s (Crawford 2001).  
Female Chinook salmon produce the largest eggs out of all the salmonids and exhibit a 
semelparous mating system (Healy 1991). Consequently, there is no care provided 
following fertilization, and everything the offspring requires for growth and development 
must be allocated to them within their eggs. This makes the Chinook salmon an ideal 
system for the present study because 1) as all gametes from the female can be easily 
obtained, 2) females produce large and plentiful eggs, and 3) full-factorial breeding 
designs can be used to partition the genetic variance into additive, non- additive, and, 
maternal environmental effects (see Lynch & Walsh 1998).  Furthermore, with the 
increase in supplementation programs throughout Canada, continuous research on 
maternal effects is important in order to fully understand the industry’s impact on egg 
quality traits. Given the importance of egg quality on offspring growth and ultimately 
survival (Brooks et al. 1997), if egg quality is heritable across generations, maladaptive 
changes in egg traits during captive rearing would have the potential to impede 
supplementation and conservation efforts.  
3.2. Methods !
 Female Chinook salmon used in the present study were obtained from the Yellow 
Island Aquaculture Limited (YIAL), an organic fish farm located on Quadra Island, BC. 
Unlike other commercial fishing farms, the farming practices at YIAL involves the use 
of no pesticides or antibiotics and fish are fed a diet of naturally derived offshore fish 
protein designed to mimic that of wild salmon.  The populations of Chinook salmon at 
YIAL have been maintained since 1985, and originate from gametes from the Robertson 
Creek and Big Qualicum hatcheries on Vancouver Island.  
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In 2008, all possibly crosses between 8 sexually mature males and 8 sexually 
mature females were performed, result in 64 full- and half-sib families (North Carolina 
Design II, see Lynch & Walsh 1998, p. 598, also see Pitcher & Neff 2006, 2007). 
Gametes were artificially fertilized, incubated in heath tray incubators and subsequently 
reared under the same environmental conditions. Offspring were injected with a passive 
integrated responder (PIT) tag (when they were ~3g in size) with a unique 16- digit 
numerical code, which was later used to help differentiate families.  
In November 2012, surviving mature female offspring (n= 144) were identified 
by their unique PIT tag identification and humanely euthanized. Upon collection, each 
female was weighed and her fork length recorded. All ovaries were stripped from the 
female and her gonads were weighed to estimate gonadosomatic index (GSI) as = gonad 
mass/ (soma mass)*100. The individual diameter of two subsets of eggs (30.73 eggs ± 
0.92, 18-45 eggs per batch) was measured to the nearest 0.001cm from a digital 
photograph using the software Image J (NIH, www.imageJ.nih.gov). These same subsets 
of eggs were then weighed to the nearest 0.001g to estimate egg- wet weight. Female 
fecundity was then estimated as = gonad wet weight/ egg wet-weight.  A portion of the 
remaining eggs were placed in a 15mL centrifuge tube and stored at -80 °C for lipid 
analysis (see below). Another subset of eggs were freeze-dried and approximate egg dry 
weight (mg) was estimated by weighing 10 freeze-dried eggs in triplicate to the nearest 
0.001g.  
 
Lipids were extracted from freeze-dried egg tissue, using the methods described 
by Folch et al. (1957). Briefly, 0.2 g of freeze-dried egg tissue was weighed into a clean, 
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glass centrifuge tube and extracted in 5mL of 2:1 chloroform - methanol solvent. The 
tube was vortexed and centrifuged for 10 minutes at 1000g, and then allowed to soak 
overnight. Following soaking, the tube was vortexed for 10 seconds then centrifuged for 
10 minutes at 1000g. The supernatant was retained and placed in a second tube (hereafter 
called the supernatant tube), and the residue in the first tube was further extracted in 3mL 
of solvent. The second supernatant removal was as complete as possible, with little 
particulate matter transferred into the supernatant tube. Following the second extraction, 
2.5mL of 0.88% potassium chloride solution was added to the supernatant tube and then 
agitated for 15 minutes on a wrist-action shaker. This was then centrifuged for 10minutes 
at 1000g, the aqueous layer discarded, and the lower chloroform layer containing the 
lipid extracts was then transferred to a pre-weighed glass vial. Each vial was allowed to 
dry overnight in a fume hood, and then placed in a desiccator for 1hour before weighing.  
We performed two replicates per female, and a third was performed if the coefficient of 
variation was greater than 5%.  
 We used two- way ANOVAs to partition the variance in each egg trait (egg 
diameter, egg wet mass, egg dry mass & lipid content) to maternal environmental effects, 
non-additive genetic effects, and additive genetic effects (outlined in Lynch & Walsh 
1998, also see Pitcher & Neff 2006, 2007). Sire and Dam identities were entered as 
random factors into the model, as they were presumed to be representative of a larger 
population. The contribution of additive genetic effects on each egg trait was estimated 
as 4x the sire component of variance (Lynch & Walsh 1998, p. 601).  Non-additive 
genetic effects were estimated as 4x the Dam x Sire component of variance (Lynch & 
Walsh 1998). Maternal environmental effects were estimated as the difference between 
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the Dam and Sire components of variance (as per Lynch & Walsh 1998).  All statistical 
analyses were conducted using SPSS v.21.  
3.3 Results !
 Due to egg mortality and low offspring survival, our final full factorial breeding 
design consisted of 6 males and 6 females, resulting in 36 half and full- sib families. A 
total of 144 sexually mature females were sampled (2-9 females per family), with an 
average fork length of 57.72cm ± 4.26 cm and somatic weight of 19.73 x 102g ± 4.63 x 
102 g. Gonadosomatic index was on average 24.06 ± 7.06 % (range 4.48- 41.05) and 
fecundity was on average 1987 ± 716 (range 178- 4958). Among the egg quality metrics 
analyzed, females had an average egg diameter of 6.97 ± 0.45 mm (range 5.66- 
8.48mm), an egg wet mass of 0.25 ± 0.04 g (range 0.15- 0.36g), an egg dry mass of 
87.65 ± 14.95 g (range 55.88- 163.9mg) and a percent lipid content of 25.49 ± 2.09 % 
(range 21.11- 31.64%).  
 
Egg Diameter 
 
The Dam, Sire and Dam x Sire effects explained 18.75% (=[4.8 x 10=2 + 0+0]/ 
0.26) of the total phenotypic variation in egg diameter (see Table 3.2). However, none of 
the three effects significantly influenced egg diameter among the families. The Sire and 
Dam x Sire explained no variation in egg diameter and thus there was no evidence of an 
additive or non- additive genetic effect on egg dry mass (p > 0.79). Similarly, the dam 
component of variance did not significantly influence egg diameter size (p > 0.08). 
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Maternal effects (including maternal genetic and maternal environmental effects) were 
estimated as 4.8 x 10-2 (=4.8 x 10-2 – 0), explaining 18.75% (=4.8 x 10-2/0.26) of the total 
phenotypic variation in egg diameter size.  
 
Egg Wet Mass 
 
The Dam, Sire and Dam x Sire effects explained 60% (= [1.50 x 10-3 + 0 +0]/2.50 
x 10-3) of the total phenotypic variation in egg wet mass (see Table 3.2). However, only 
the dam effect significantly influenced the variation in egg – wet mass among families 
(F5,108= 5.15, p=0.001). Maternal effects were estimated from the difference in the dam 
and sire component of variance as 1.5 x 10-3 (=1.5 x 10-3 -0), which represents 
approximately 60% of the total phenotypic variance in egg wet mass (=1.50 x 10-3/ 2.50 
x 10-3). The sire and dam x sire component of variances were not significant (p > 0.39), 
suggesting that there was little evidence of an additive or non- additive genetic effect on 
egg wet- mass.  
 
Egg Dry Mass 
 
The Dam, Sire and Dam x Sire effects explained 35.1% (=[1.71 x 102 + 0 
+2.60]/3.59 x 102) of the total phenotypic variations in egg dry mass (see Table 3.2). 
However, among these three effects, only the dam effect significantly influenced the 
variation in egg dry mass among families (F6,6= 3.89, p=0.007). Maternal effects were 
estimated as 1.71 x 102 (=1.71 x 102 - 0), which represent approximately 47.57% of the 
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total phenotypic variance in egg dry mas (=1.71 x 102 / 3.59 x 102). Both the sire and 
dam x sire component of variances did not significantly influence egg dry mass (p > 
0.16), suggesting that there was no evidence of an additive or non- additive genetic effect 
on egg dry mass among families.  
 
Egg Lipid Content 
 
The Dam, Sire and Dam x Sire effects explained 25.4% (=[0.70 + 0.81 + 0]/5.95) 
of the total phenotypic in egg lipid content (see Table 3.2).  Maternal effects and non- 
additive genetic effects explained none of the total phenotypic variance in egg lipid 
content among families. Additive genetic effects were estimated from the sire component 
of variance as 3.24 (= 4 x 0.81), which represent approximately 54.46% of the total 
phenotypic variation in egg lipid content (=3.24/ 5.95). However, the Dam, Sire and 
Dam x Sire component of variances did not significantly influence egg lipid content (all 
p > 0.11), suggesting that there was no evidence of maternal, additive and non- additive 
effects on egg lipids. 
3.4 Discussion !
In this study we used a full factorial breeding design to analyze the genetic 
architecture of egg quality traits in a population of farmed Chinook salmon. While 
previous studies have analyzed egg quality indirectly through offspring survival or larval 
fitness  (Wedekind et al. 2008; Houde et al. 2013), the present study is the first, to our 
knowledge, to directly measure several egg quality traits in fishes and dissect the genetic 
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variances (i.e. additive and non-additive) involved. We found evidence of strong 
maternal effects for the traits egg wet mass and egg dry mass, while additive and non- 
additive effects did not significantly contribute to any of the egg quality traits analyzed. 
This suggests that the maternal environment and genome plays a significant role in 
determining the size of her eggs. However, as the environment and diet of the females 
sampled in the present study were the same throughout development, the observed 
maternal effects on egg size is likely driven primarily by their genetic component. This 
supports previous studies that suggest genetic (heritable) maternal effects have a strong 
role on the strength and direction of evolutionary change on egg size in fishes (Heath et 
al. 2003), and this may have a profound effect on the quality and survival of the 
offspring.  
 
Propagule size is arguably the most widely studied and recognized maternal 
effect in vertebrates (Roff 1992; Bernardo 1996b). Offspring that emerge from larger 
eggs generally have more resources available for development and significant fitness 
advantages compared to smaller individuals (Elliot 1989; Brooks et al. 1997; Einum & 
Fleming 1999). Although the female may alter egg size in response to her environment 
and associated selection pressures (Roff 1992; Mousseau & Fox 1998), the effect can be 
genetically based, and may therefore contribute to the evolutionary response to selection 
(Wolf et al. 1998). A notable study by Heath et al. (2003) previously recorded the 
significance of maternal genetic effects on egg size in a population of farmed Chinook 
salmon. The relaxed selection pressure of a hatchery environment allowed for the rapid 
evolution of small egg sizes and this trend was also apparent in natural populations 
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heavily supplemented by hatchery programs, but not in minimally supplemented areas 
(Heath et al. 2003).  While Heath et al. (2003) found that the proportion of variance 
attributable to maternal genetic effects on egg size was 0.26 – 0.39, we observed a higher 
contribution in the present study. For both egg dry mass and egg wet mass, additive and 
non- additive contributed little to no phenotypic variance, while maternal effects 
explained 48% and 60% of the phenotypic variance, respectively. Our results support 
previous studies that suggest maternal effects serve as the main contributing factor to 
survival and fitness traits during early development (Houde et al. 2013), and this is 
especially true for egg size.  
 
 We did not find significant additive, non- additive or maternal effects for the 
percentage of total lipids allocated into the eggs among the females. This would suggest 
that maternal egg provisioning of yolk lipids was not significantly influenced by the 
maternal or paternal genome. Lipids, and their constituent’s fatty acids, perform a 
number of roles in animal life histories (Wiegand 1996) and are especially important in 
reproduction and gonadal development (Wiegand 1996; Marshall et al. 1999). Numerous 
studies suggest that egg lipid content and corresponding fatty acid profile are ultimately 
dependent on the maternal environment and dietary sources (Sargent 1995; Izquierdo et 
al. 2001). For example, eggs of marine fish tend to have lower lipid and phospholipid- 
rich eggs compared to freshwater species (Rainuzzo 1993; Wiegand 1996; Tocher 2003). 
Similarly, in the gilthead seabream, the fatty acid composition of eggs was directly 
affected by the n-3 highly unsaturated fatty acid content of the maternal diet (Fernandez 
– Palacios et al. 1995). The allocation of yolk lipids into the eggs may thus provide 
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information on the maternal environment, diet and condition and would represent an 
environmentally- based, not genetic, maternal effect. As females in the present study 
were fed the same diet and were raised under the same environmentally conditions 
throughout development, it not surprising that we did not observe any significant 
maternal effects since environmental variation was eliminated and genetic effects were 
likely non-existent.  
 
In contrast to the numerous studies on environmental maternal effects on egg 
quality traits (Hutchings 1991; Quinn et al. 1995), relatively few accounts for their 
genetic (heritable) component (Heath et al. 2003) and even fewer have analyzed non- 
additive genetic effects (but see Houde et al. 2013). Although non- additive genetic 
effects are often ignored, as they cannot be used to predict the response to selection 
(Lynch 1994), non- additive effects can provide genetic variation for selection to act 
upon (Neff & Pitcher 2008; Houde et al. 2013) and thus represent an important 
component of the phenotype. As such, by examining the contribution of additive genetic 
effects, non- additive genetic effects and maternal effects on egg quality, we are able to 
gain a better understanding on the evolutionary dynamics and genetic architecture of the 
phenotype. Here, we observed significant maternal genetic effects on egg size in a 
population of farmed Chinook salmon, which may have a profound effect on the 
evolutionary trajectory of this trait. Theories on maternal effect evolution suggest that 
maternal genetic effects has the potential to allow populations to evolve even after 
selection has ceased on the trait and, in some cases, evolution may also proceed in a 
direction opposite to selection (Kirkpatrick & Lande 1989).  This could allow 
! 78!
phenotypes to continue to evolve in new environments, although they may be 
maladaptive to the offspring. As such, the results from the present study may not only 
provide a better understanding on the genetic architecture of egg quality traits in 
Chinook salmon, but it may also be applicable in fish hatchery and supplementation 
efforts, where the survival of the species is vital.  
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Table 3.1. Summary of previous studies examining the heritability of egg quality traits.  Proportion of variance is the 
proportion of variance attributable to maternal genetic effects.  
References Species Population 
Type 
Method Egg Trait Proportion of 
variance 
      
Sinervo & Doughty 
(1996) 
Side-blotched lizard 
(Uta stansburiana) 
 
Wild 
population 
Parent- offspring 
regression 
Egg size 0.61 
Fox et al. (1999) 
 
Seed Beetle (Stator 
limbatus) 
 
Laboratory Breeding design Egg size 0.22- 0.91 
Heath et al. (2003) Chinook salmon 
(Oncorhynchus 
tsawytscha) 
 
Hatchery 
populations 
Mother- daughter 
regression 
Egg mass 0.26-0.39 
Tschirren et al. 
(2009) 
Collared flycatchers 
(Ficedula albicollis)  
 
Wild 
population 
Mother- daughter 
regression  
Egg mass, yolk 
mass and yolk 
testosterone  
Egg mass – 0. 84 
Yolk mass – 0.97 
Yolk testosterone 
– 0.75 
Okuliarova et al. 
(2011) 
Japanese Quail 
(Coturnix japonica) 
Laboratory Mother- daughter 
regression 
Yolk hormones 0.42- 0.47 
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Table 3.2. Summary of two- way ANOVA results for parental effects (dam, sire, dam x sire) on all egg quality metrics 
analyzed, including egg diameter (mm), egg wet weight (g), egg dry mass (g), and total lipid content (%).  See Methods for 
details regarding the measurement of each egg quality metric.  
Source of Variation SS DF MS F P σ2* % Phenotypic 
variation 
Egg Diameter        
Dam 1.74 5 0.34 2.14 0.083 4.80 x 10-2 Maternal 19 
Sire 0.24 5 0.048 0.29 0.92 -2.70 x 10-2 Additive 0 
Dam x Sire 3.90 25 0.16 0.76 0.79 -2.17 x 10-3 Non Additive 0 
Residual 22.43 108 0.21   0.21   
Egg Wet        
Dam 0.033 5 0.007 5.15 0.001 1.50 x 10-3 Maternal 60 
Sire 0.007 5 0.001 1.07 0.395 0 Additive 0 
Dam x Sire 0.032 25 0.001 1.03 0.433 0 Non Additive 0 
Residual 0.14 108 0.001   1.00 x 10-3  
Egg Dry         
Dam 4.65 x 103 5 9.30 x 102 3.89 0.007 1.71 x 102 Maternal 48 
Sire 2.91 x 102 5 58.21 0.25 0.94 -47.45 Additive 0 
Dam x Sire 6.20 x 103 25 2.48 x 102 1.34 0.16 2.60 Non Additive 3 
Residual 2.00 x 104 108 1.85 x 102   1.85 x 102   
Total Lipid        
Dam 29.15 5 5.83 1.80 0.14 0.70 Maternal 0 
Sire 31.38 5 6.28 1.92 0.11 0.81 Additive 54 
Dam x Sire 75.86 25 3.04 0.68 0.86 -5.86 x 10-2 Non Additive 0 
Residual 4.79 x 102 108 4.44   4.44   
        
The table includes the source of variation, sums of squares (SS), degrees of freedom (DF), means sums of squares (MS), F statistics, P 
value, the variance component (σ2) and the % of phenotypic variation explained (negative variance components are treated as zero, see 
Lynch & Walsh 1998).  Significant values (P< 0.05) are indicated in bold.  
* Variance estimated calculated from equations outlined in Graham and Edwards (2001)!
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Chapter 4: General Discussion 
4.1 Summary !
Maternal effects on egg quality have received considerable attention within the 
last decade and have previously been studied in numerous teleost fish (e.g. Einum & 
Fleming 1999, 2000; Heath et al. 2003). However, despite this rise in interest, our 
knowledge on both environmental and genetic maternal effects on egg quality in fishes 
still remains limited. The objective of my thesis was to analyze both environmental and 
genetic maternal effects on egg quality traits in hatchery, wild, and farmed Chinook 
salmon. In my first data chapter (Chapter 2), I analyzed environmental maternal effects 
on egg quality in hatchery- and wild-origin Lake Ontario Chinook salmon. I found that 
certain aspects of the female’s reproductive biology differed in hatchery- and wild- 
origin females, namely in egg size and gonadal development, while a very important 
aspect of egg quality, fatty acid profile, does not. In my second data chapter (Chapter 3), 
I used a quantitative genetic breeding design to examine the genetic architecture 
(additive, non-additive and maternal effects) of egg quality metrics in a population of 
farmed Chinook salmon. Here, I found evidence of strong maternal genetic effects for 
only the trait egg size. Together, these results suggest that differences in early- rearing 
environment and associated selection pressures during early life can alter critical life 
history traits as adults, as a result of both environmental and genetic maternal effects. 
The following summarizes the key findings of my research and outlines practical 
implications and future directions that can expand on my results.  
! 89!
4.2 Chapter 2  !
Raising fish in hatchery environments differs substantially from natural 
recruitment by several means. For example, embryos are reared under relaxed selection 
pressure where mortality is low, food abundance is high, and no predators or natural 
selection pressures are present (Fleming et al. 1994; Einum and Fleming 1999; Heath et 
al.  2003). Such benign environments can result in unintentional selection on critical 
early life history traits and lead to the divergence of hatchery fish from their wild 
counterparts (Swain & Riddell 1990; Fleming et al. 1994; McDermid et al. 2010).  
Maladaptive changes in egg quality traits would be especially detrimental, as the quality 
of the egg determines the survival of the embryo and profoundly influences fitness in 
both mother and offspring (Roff 1992; Brooks et al. 1997). In Lake Ontario, the Chinook 
salmon population has been enhanced annually with hatchery- bred progeny since 
naturally reproducing populations were successfully established (Mills et al. 1993; 
Crawford 2001). Currently, very is little is known on the potential impact the ongoing 
Lake Ontario hatchery-enhancement program may have on egg quality traits, despite the 
importance these traits have on offspring growth and survival. As such, the aim of this 
chapter was to examine maternal environmental effects on egg quality in hatchery- and 
wild- origin Lake Ontario Chinook salmon population.   
  
I found that certain aspects of the females reproductive biology did differ 
between hatchery- and wild- origin Lake Ontario Chinook salmon, while other important 
aspects of egg quality did not. More specifically, I found that hatchery- females allocated 
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significantly less energy into egg and gonadal development, but had similar fatty acid 
profiles as their wild counterparts. Although hatchery females did not differ in all of the 
traits analyzed, the differences I did observe would have the potential to impair offspring 
survival and thereby impeding supplementation efforts. 
 
While numerous studies have examined the fitness of hatchery fish relative to 
wild fish spawning in the same habitat (Dahl et al. 2006; Araki et al. 2007; reviewed in 
Araki et al. 2008), the results from this study is the first to examine differences in the 
Lake Ontario Chinook salmon population and is arguably the most comprehensive 
analysis of egg quality traits among hatchery- and wild- origin salmon. Although it is 
unknown to us whether wild- fish were descendants of hatchery parents or vice versa, 
hatchery- females would have experienced selection in the hatchery environment for one 
generation longer than the wild. A previous study in the steelhead trout (Oncorhynchus 
mykiss) suggests that carry-over effects of captive breeding reduces the reproductive 
fitness of wild-born descendants in the wild and that these effects were most pronounced 
in the offspring from two captive-bred parents (Araki et al. 2009). In the credit river, 
hatchery- and wild- origin salmon are found to differ in their spawning time, with 
hatchery- females spawning much sooner in the season compared to the wild (OMNR, 
personal communication). It is possible that Lake Ontario hatcheries are primarily 
collecting gametes from hatchery- fish, resulting in unintentional selection on critical 
reproductive traits and decreasing their success in the wild.  
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I suggest three possible ways to improve current hatchery protocols and 
potentially minimize the differences in reproductive investment observed between 
hatchery- and wild-origin females. First, by collecting gametes from both hatchery- and 
wild- born fish and using a breeding design that can allow all combinations of parents. 
Although a full- factorial breeding design would be ideal to increase the number of 
genetic lineages and population size (Fiumera et al. 2004; Pitcher & Neff 2007; Neff et 
al. 2011), a nested- mating design could alternatively be used if sex- ratio of parents is 
skewed during gamete collection (Neff et al. 2011). These breeding designs can help 
reduce the genetic effects of captive rearing and also provide opportunities to examine 
the genetic variance in fitness- related traits among populations. Second, fish culture 
practices should provide an early rearing environment that more closely mimics natural 
environmental conditions. This can be done by closely monitoring water temperature to 
reflect that of the wild, by using natural water sources from nearby spawning tributaries, 
by incubating eggs in a natural substrate, or by providing natural food sources. This 
could potentially minimize the differences in growth rates experienced by hatchery- and 
wild- origin juveniles (Jonsson et al. 1996; Taborsky 2006). Lastly, continuous research 
on maternal effects on egg quality and reproductive traits would be important in this 
socioeconomically important fish population.  Future studies can expand on my results 
by directly examining the survival of hatchery- and wild- offspring in both captive and 
natural environments, or by further analyzing other reproductive or fitness- related traits.  
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4.3 Chapter 3  !
Maternal effects have previously been described as a troublesome source of 
environmental resemblance that confounds our ability to accurately estimate the genetic 
basis of a trait (Falconer 1989; Rausher 1992). However, more recently, it has become 
evident that maternal effects can influence the strength and direction of evolution on a 
phenotypic trait, and result in accelerated, dampened and sometimes non-intuitive 
responses to selection (Kirkpatrick & Lande 1989; Wolf et al. 1998; McAdams & Boutin 
2003). Maternal genetic effects may thus act a powerful evolutionary force (Kirkpatrick 
& Lande 1989; Wade 1998), and this may be especially important for those species in 
which the female makes a large investment into her eggs. Although maternal genetic 
effects have received considerably more attention in recent years (McAdams & Boutin 
2003; Heath et al. 2003; Shikano & Taniguchi 2005), our knowledge on their influence 
on early egg quality traits still remains limited. As such, the aim of this chapter was to 
use quantitative genetic breeding designs to examine the genetic architecture of early egg 
quality traits in a population of farmed Chinook salmon.  
 
 I found evidence of strong maternal effects for the traits egg wet mass and egg 
dry mass, while additive and non- additive effects did not significantly contribute to any 
of the egg quality traits analyzed. Because environmental variability was minimized in 
my study, as all females were fed the same diet and were raised under the same 
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environmental conditions, the observed maternal effects on egg size would be likely 
driven by their genetic components.  
 
Studies on genetic sources of maternal effects have been rarely reported in 
salmonids (but see Perry et al. 2005; Houde et al. 2011; Aykanat et al. 2012) and remain 
poorly understood. This is largely because separating environmental and genetic sources 
of maternal effects can be difficult and often requires multiple generations of breeding 
experiments (Aykanat et al.  2012). However, in my thesis I worked with a unique 
salmon population and used a novel breeding design, which allowed me to partition out 
environmental and genetic sources of maternal effects. Studies such as this that use 
quantitative genetic breeding designs to partition the genetic variance in critical life 
history traits may have important implications in conservation and breeding programs 
and local adaptation studies. For example, a previous study in Chinook salmon that 
analyzed the genetic architecture of 17 life history and fitness-related traits suggested 
that maternal effects contributes more to phenotypic differences among populations than 
additive effects, and may thus have important implication in phenotypic differences 
across populations (Aykanat et al.  2012).  
 
Although my thesis provides a comprehensive analysis on the genetic 
architecture of important egg quality traits in the Chinook salmon, it also provides 
opportunities to examine the genetic variation in other important egg quality traits. For 
example, previous studies on avian systems suggest maternal hormone transfer can be 
shaped by natural selection and represents an important maternal genetic effect 
! 94!
(Tschirren et al. 2009; Okuliarova et al. 2011). Similarly, previous studies suggest that 
the allocation of specific fatty acids can be stock specific (i.e. Pickova et al. 1997, 1999) 
and possibly under genetic control. As such, future studies should expand on my results 
by providing a more comprehensive analyze of the heritability of egg quality metrics by 
including further egg quality traits, such as maternal hormones and fatty acid content.  
4.4 Conclusions !
 My thesis demonstrated that differences in environmental conditions and 
associated selection pressures during early life can alter egg quality traits as adults 
through environmental and genetic maternal effects. Together, my results provide a 
better understanding on the genetic architecture of early egg quality traits in Chinook 
salmon, and how hatchery environments may accelerate evolutionary change on these 
traits.  Continued research on the influence of maternal environmental and genetic 
effects on egg quality traits is important, as the production of good quality eggs is 
important in both captive and wild populations and profoundly influences fitness in both 
mother and offspring. As such, the results from my thesis may have important 
implications for conservation breeding programs as well as for the aquaculture industry 
and can help to advance existing fish husbandry and hatchery- protocol. 
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